The dissolution of Mn and Fe in liquid Al presents a challenge due to their high melting points and low diffusivity. A literature review reveals that the existing knowledge of the processes involved in the dissolution of both Fe and Mn in liquid Al is rather ambiguous. Thus, this work aimed to obtain more detailed insights into the dissolution behavior of Mn and Fe in various Al melts. The results of the Mn dissolution tests showed that three intermediate phases were involved in the dissolution process, all of which exhibited a smooth interface between Mn and the liquid. These three phases were identified as the c 2 , Al 11 Mn 4 , and l phases which grow slowly, penetrating the Mn particles. The results of the Fe dissolution tests showed that in pure Al, the Al 5 Fe 2 phase dominates the dissolution process and penetrates the Fe particles. The addition of Ti into the molten Al alters the intermetallic compound formation by replacing Al 5 Fe 2 by Al 2 Fe. The addition of Si significantly inhibited the Fe dissolution kinetics. A theoretical approach based on Ficks' law was used to explain the experimentally obtained Mn and Fe dissolution rates. It showed that the surface area and shape of the additives significantly affected the dissolution processes.
I. INTRODUCTION

THE alloying elements Mn and Fe can be added into
an Al melt either as discrete particles or as powder compacts of master alloys consisting of various fractions of the alloying element and aluminum. [1, 2] The dissolution of compacts occurs in three steps. First, during the incubation period, the aluminum inside the compact starts to melt. Next, the Al melt reacts with the alloying-element particles exothermally to form various intermetallic compounds. Eventually, the compact is disintegrated and disperses into the melt for further dissolution. [3, 4] Mn and Fe are important alloying additions for industrial Al alloy production. However, achieving complete dissolution of these elements in liquid Al has been a challenge owing to their high melting temperatures and low solid solubilities (0.05 and 1.8 wt pct, [5, 6] respectively). Common issues in many cast houses are low dissolution rates and low recovery. [1, 4] In fact, the dissolution of these alloying elements involves the formation of intermetallic phases. The formation and growth of these phases at the interface between the solid additives and liquid metal are governed by complex diffusion conditions. [7] Several studies have been performed focusing on the dissolution of Fe. [5, [7] [8] [9] [10] However, the dissolution of Mn in Al melt has not been investigated to the same extent. Nevertheless, in a previous work, the dissolution behavior of both Fe and Mn in Al melts has been addressed. [1] It was shown that the morphology of the intermetallic compounds formed at the interface of solid Fe in liquid Al differs from that of the phases formed at the interface of solid Mn. It was observed that during Fe dissolution the intermetallic phases grow towards the solid Fe forming an irregular interface, while during Mn dissolution, the intermetallic phases grow outwards into the liquid Al matrix forming a smooth interface. [1] During Fe dissolution, Al 5 Fe 2 and Al 3 Fe were detected as the major and minor intermetallic phases, respectively, during Fe dissolution. [7] [8] [9] Meanwhile, during Mn dissolution, Al 4 Mn (l) was the only observed intermetallic phase. [1] Although the types of interfacial phases formed, their morphology, and thickness influence the dissolution rate and alloying yield, [8, 9] a literature review shows that no detailed description of the dissolution process of Fe and Mn in liquid Al exists, which urges the clarification of these processes.
The purpose of this work is to improve the understanding of the dissolution process of Mn and Fe in liquid Al. Thus, its aim is to study the phase formations at the interfaces, the related interface morphologies, growth kinetics, and dissolution rates. [8, 9] Dissolution experiments have been performed with various Mn compacts and pure Fe additives in Al liquid. These experiments focused on determining the dissolution rates, as well as observing the formation and growth of the intermetallic compounds. A previous work by the authors [3] showed that the dissolution of Mn in Al melt decreases in the presence of other alloying elements, e.g., 0.12 pct Ti. Thus, it was of great interest to examine the effect of other alloying elements on the dissolution performance of both Mn and Fe in Al alloys. This was achieved by studying the dissolution of Mn and Fe in Al melts containing 0.12 pct Ti and 0.8 pct Si.
II. EXPERIMENTAL PROCEDURE
Two different experimental investigations were carried out in this work: the first series of experiments investigated the dissolution rate; the second series studied the dissolution mechanisms focusing on intermetallic compound formation and growth. In addition, a post-mortem analysis was performed on the undissolved Mn compacts found in the bottom region of the crucibles after the termination of the dissolution-rate experiments.
A. Analysis of the Dissolution Rate
To study the dissolution rate of manganese and iron in molten aluminum, several sampling tests were performed with pure Al at the furnace temperature of 770°C
. For each test, an alumina crucible containing 500 g of Al was placed in the furnace at the target temperature which was monitored by a thermocouple (K-type). When the melt reached the desired temperature, an adequate amount of Mn or Fe was added to obtain an alloying-element concentration of 1.5 pct. Subsequently, various samples were cast from the crucible into cylindrical molds, which consisted of holes of 25 mm diameter made in an insulated material and placed on a steel plate to obtain directed solidification. Samples were taken after 1, 2, 3, 5, 7, and 9 minutes, respectively. The samples were then analyzed by OES, Optical Emission Spectroscopy. For the first set of experiments, stirring was conducted for 5 seconds, while for every other set of experiments, stirring was performed for 3 seconds before the sampling. During the tests, the melt temperature dropped from 770°C at the first sampling to 730°C at the last, which gave an average temperature of 750°C. For the dissolution experiments of Mn, the alloying element was added in the form of as-cast Mn flakes (100 pct Mn) or Mn compacts made from powders with various Al contents: 10, 20, and 20 pct containing flux. Within the compacts, the dominating sizes of the powder are in the range of 400 to 500 lm. The dissolution of Fe was studied by adding 2-mm-thick pure Fe flakes made from compacted powder. All the additives used in this study are frequently used in industry. Mn and Fe were added to molten Al alloys of various compositions whose actual chemical compositions are given in Table I .
B. Analysis of the Dissolution Mechanism
To investigate the dissolution mechanism in more detail, 50 g of pure Al and Al-Ti-(0.12 pct Ti) were melted in cylindrical crucibles with a diameter of 35 mm, giving a melt depth of 20 mm in a furnace at a temperature of 760°C. [3] When the melt temperature stabilized, pieces of pure Mn flakes, Mn alloy flakes (60 pct Mn, 40 pct Al), and Mn compacts (90 pct Mn, 10 pct Al) were added to the pure Al and Al-Ti (0.12 pct Ti) to provide melts that exhibit supersaturated conditions (10 pct Mn). Subsequently, the crucible was removed from the furnace after 8 minutes and cooled to room temperature with a cooling rate of 1°C/s. A similar procedure was carried out to investigate the dissolution mechanism of iron with the addition of Fe flakes into pure Al, Al-Ti (0.12 pct Ti), and Al-Si (0.8 pct Si). Every collected sample was cut longitudinally, metallographically prepared, and etched using 1 pct NaOH at 60°C for about 15 seconds. Then, the samples were examined by a stereo microscope, light optical microscope (LOM), and scanning electron microscope (SEM, MAIA3, Tescan) equipped with energy dispersive X-ray spectroscopy (EDX, AZtec).
C. Post-mortem Analysis of Precipitations Found in the Al-Ti Alloys
Previous works studied the formation of unwanted precipitations of Mn-containing phases in Al melts that contained Ti. [11] This work further examines these precipitations in a similar alloy, i.e., alloy 1. In order to analyze the precipitations, the material remaining at the bottom of the crucible after a dissolution-rate test using 90 pct Mn compacts was investigated. This material solidified at ambient temperature after dissolution at 750°C lasting 9 minutes. Subsequently, the solid was cut into longitudinal sections and studied by SEM and EDX.
III. RESULTS
A. Dissolution Rate of Mn Compacts with Various Al Contents
The dissolution rate of Mn from various compacts in pure Al at 750°C is shown in Figure 1 . The stirring duration before each sampling test was 3 seconds. The highest dissolution rate was for the compact with 80 pct Mn-containing flux. The Mn content reached its target concentration (1.5 pct Mn) at the end of the dissolution test (9 minutes). The second highest dissolution rate was The dissolution curves of each compact reveal a dissolution process characterized by an incubation time of 1-2 minutes with a subsequent rapid dissolution stage. Higher dissolution rates may be observed for the fluxed compacts during the incubation time, which shows the advantages of flux for accelerating the exothermic reaction within the compact. [4] Only the dissolution curves of the 80 pct Mn compacts exhibited parabolic shapes towards the end of the dissolution test. However, they did not reach the saturation level (2 pct), i.e., the solubility limit for Mn at the respective temperature.
B. Dissolution Rate of the 90 pct Mn Compact in Various Melt Compositions
Two series of Mn dissolution experiments were performed by mixing compacts containing 90 pct Mn into two different melt compositions, pure Al and Al-Ti (0.12 pct Ti), respectively, at 750°C. The results are shown in Figure 2 . [3] The stirring time before each sampling test was 5 seconds compared with the 3 seconds used for obtaining the results shown in Figure 1 . The dissolution rate of Mn in the Al-Ti (0.12 pct Ti) melt has substantially decreased compared with that in the pure Al melt. The dissolution curve obtained from the pure Al exhibits a parabolic shape towards the end of the test and the Mn content reaches 1.85 pct, which is close to the saturation value (2 pct). In Al-Ti (0.12 pct Ti), a 1 pct Mn concentration was reached only after 9 minutes, at which point the curve did not show signs of flattening out. This suggests that the dissolution was still at its early stage. Therefore, it can be concluded that the addition of 0.12 pct Ti lowers the dissolution rate of Mn.
Furthermore, the higher dissolution rate obtained with the 5-second stirring ( Figure 2 ) compared with the 3-second stirring (Figure 1 ) for the 90 pct Mn compacts reinforces the importance of stirring, as was found in Reference 1.
C. Dissolution Mechanism of Mn Compacts
As mentioned in the introduction, the goal of this study was to describe the intermetallic phase formations in the Al-Mn system in detail. Therefore, experiments were performed in which most of the added solids did not dissolve. Thus, an interface between the solid and liquid phases was created that could be studied. With the addition of Mn corresponding to a concentration of 10 pct, it could also be assumed that local equilibrium (i.e., saturation) occurred in the proximity of the added flakes.
Results from the experiments with 90 pct Mn in pure Al for various immersion times of 2, 5, 8, and 16 minutes are shown in Figure 3 . In the microstructures observed by the LOM, three layers are revealed around the Mn particles already after the 2-minute dissolution test, Figure 3 (a). The thickness of these layers has slightly increased using longer immersion durations (e.g., 5, 8, and 16 minutes). This suggests that these layers have formed quickly around the Mn particles after immersion and then slowly grow during dissolution. Furthermore, voids, appearing as irregular dark green areas in Figure 3 , form within the Mn particles close to the layer of the intermediate phases. The number and size of these voids seemed to increase during dissolution.
An SEM image and a line scan analysis by EDX of these layers after the 8-minute dissolution duration is shown in Figure 4 . In Figure 4 (a), four layers around the Mn compact are visible. In Figure 4 (b), the EDX line scan shows the concentration levels. A sharp gradient is observed at the first layer adjacent to Mn, showing its concentration change from 90 to 60 wt pct.
The gradient is followed by 3 plateaus corresponding to 3 different Mn levels. Using the Al-Mn phase diagram shown in Figure 5 , the following phases can be identified starting at Mn: c2, Al 11 Mn 4 , and l, as shown in the upper part of Figure 4 (b). For further arguments for the phase identification see Section IV-C. The morphology of the phases between the l phase and Al exhibits high irregularity towards the Al liquid and has a different appearance characterized by numerous cracks and a lower Mn content than the adjacent l phase. The intermetallic compounds observed around Mn significantly differ from what was reported in Reference 1 where only the Al 4 Mn phase was observed, which corresponds to the l phase in the phase diagram shown in Figure 5 . Therefore, the observed state is much more complex than has been previously reported. Figure 6 shows the results of the dissolution of the 90 pct Mn compacts in the Al-Ti (0.12 pct Ti) melt. Again, four layers have formed around Mn after 8 minutes. These intermetallic layers can be identified using EDX and the phase diagram (in order from the Mn side): c2 (layer adjacent to Mn), Al 11 Mn 4 , and l, which are the same phases as the ones observed in the pure Al liquid. Furthermore, a phase with an irregular and cracked morphology adjacent to Al-also similar to the one in pure Al-was observed. The only difference observed with the addition of Ti is that the gradient in the outer part of the Mn particle and in the c2 phase seems to be less steep than that in pure Al.
Voids can be observed in the Mn particles close to the intermetallic layers in Figures 4(a) and 6(a).
D. Dissolution Mechanism of Pure Mn Flakes
The microstructures of a pure Mn flake after 8 minutes of dissolution in pure Al and Al-Ti (0.12 pct Ti) are shown in Figures 7 and 8 , respectively. Four layers have formed around the Mn flakes in both cases. In pure Al (Figure 7 ), the intermetallic layers identified by the EDX analysis are in the order: c2 (layer adjacent to Mn), Al 11 Mn 4 , and l. In addition, a thick phase has precipitated on the melt side where the line scan ends. In addition, for the dissolution in Al-Ti (0.12 pct Ti), the same phases are identified, i.e., in the order: c2 (layer adjacent to Mn), Al 11 Mn 4 , and l, with the scan ending in the thick phase on the liquid side. For the dissolution in the Ti-containing melt, the plateaus for the various phases are not as clearly identifiable as in the other samples. Nevertheless, the total thickness of the layers formed in this case is also significantly smaller, i.e., 10 lm compared to the 20 lm observed in the pure Al melt. Furthermore, it can be observed that the dissolution of Mn flakes results in a smaller total thickness (20 lm, . These intermetallic layers were identified as Al 11 Mn 4 (layer adjacent to c2) and the l phase by the EDX line scan analysis shown in Figure 9 (b). Furthermore, a precipitation was observed between the l phase and Al exhibiting an irregular thickness.
Considering the dissolution mechanisms of pure Mn flakes, 60 pct Mn flakes, and Mn compacts, three common intermediate phases are involved in each dissolution process. These phases are c2, Al 11 Mn 4 , and the l phase (in order from Mn to the liquid side). It can be seen from Figures 4, 7, and 9 that these three phases exhibit smooth surfaces. In addition, phases with irregular morphologies were observed at the interface between the l phase and Al liquid in every case. These precipitated during the cooling process, as will be shown in the discussion.
Furthermore, the Mn dissolution tests showed that oxide films sometimes cover the interface between Mn and the Al melt. Figure 10 Oxide layers are known to present a major barrier between Mn particles and the Al melt. [4] It is accepted that oxides can delay the initiation of the reactions and thus the whole dissolution process. [4] F
. Dissolution Rate of Fe Flakes in Various Melt Compositions
Three series of dissolution-rate tests with iron flakes in liquid melts of pure Al, Al-Ti (0.12 pct Ti), and Al-Si (0.8 pct Si), respectively, were carried out. The results are shown in Figure 11 . The dissolution rates of Fe in both pure Al and Al-Ti (0.12 pct Ti) show similar trends. However, the dissolution rate of Fe in Al-Si (0.8 pct Si) is clearly lower. In addition, a strong increase in the dissolution rate is observed after 2 minutes in pure Al and Al-Ti (0.12 pct Ti), whereas in Al-Si (0.8 pct Si) this rise occurs after 5 minutes, i.e., the incubation time is increased by the presence of Si. Furthermore, none of the dissolution-rate series exhibit the parabolic shape which generally characterized the dissolution completion. Hence, it can be concluded that the dissolution did not reach the targeted concentration (1.5 pct Fe) in any of the series.
G. Dissolution Mechanisms of Fe
A microstructural investigation of the dissolution of Fe flakes in pure Al, Al-Ti (0.12 pct Ti), and Al-Si (0.8 pct Si) after 8 minutes was performed. Figure 12 shows that two layers were formed around the Fe flake during the dissolution of Fe in pure Al: a thick layer adjacent to the iron and a thin layer at the liquid side. The thick phase grew towards the Fe flake, exhibiting an uneven interface which has been previously observed in several investigations [5, 8, 12, 13] and is generally referred to as the saw-teeth morphology. The chemical composition analysis by EDX line scans shows that the composition of this dominating phase is Al 5 Fe 2 , while that of the minor phase (adjacent to the liquid) is Al 3 Fe. The latter is identical to what has been reported in previous papers. [5, 8, 12, 13] However, according to our observations, the Al 5 Fe 2 phase also formed along the grain boundaries inside the Fe flake.
As shown in Figure 13 , during the dissolution of Fe in Al-Ti (0.12 pct Ti), two layers formed around the iron flake: an inner layer adjacent to Fe with a relatively smooth surface and a thick outer layer adjacent to the liquid with a mushy morphology. This indicates that the morphology of the phase at the Fe interface has a less characteristic saw-teeth appearance compared to that in pure Al. According to the composition analysis, the phase adjacent to Fe is Al 2 Fe, i.e., it differs from the one observed in pure Al. The measurements of the outer layer show significant fluctuations due to the mushy morphology and cannot be accurately defined. In addition, the remaining Fe phase, seen as the white areas, contains a large amount of dissolved Al (approximately 40 wt pct), which corresponds to the FeAl phase, and the Al 2 Fe phase has grown along the grain boundaries inside the Fe flake. It can be concluded that the addition of Ti has led to the formation of an additional stable phase and hence influenced the morphology without altering the dissolution rate ( Figure 11) .
The results of the dissolution of a Fe flake in Al-Si (0.8 pct Si) shown in Figure 14 reveal an altered dissolution behavior. A significant portion of the Fe flake has remained unreacted in Al-Si (0.8 pct Si) after 8 minutes compared to pure Al and Al-Ti (0.12 pct Ti).
In addition, the dissolution took place by forming a layer which was identified by the EDX line scan as a ternary intermediate phase with an average composition of 60 wt pct Al, 38 wt pct Fe, and 2 wt pct Si (Figure 14(b) ).
Moreover, the Fe flakes were not broken and retained their rigidity in contrast to what was observed in pure Al and Al-Ti (0.12 pct Ti) where the flakes disintegrated into small pieces and the newly formed phases penetrated the grain boundaries.
H. Comparison Between the Dissolution of Mn and Fe Flakes in Pure Al
According to the results of the dissolution rates of the pure Fe and Mn flakes in the pure Al melt with the target concentration of 1.5 pct shown in Figure 15 , Fe exhibited a higher dissolution rate. In addition, the comparison between the Mn and Fe dissolution mechanisms shows the creation of different morphologies during the reactions (Figures 7 and 12, respectively) . During Mn dissolution, three intermediate phases with smooth interfaces are created, namely, c2, Al 11 Mn 4 , and the l phase. The Al 11 Mn 4 and l phases exhibited a higher growth, while the c2 layer remained thin (Figure 4(b) ). It seems that these intermediate phases form quickly and simultaneously expand inwards as a package and grow slowly in thickness (Figure 3) . Conversely, the Fe dissolution takes place through the formation of two intermediate phases: a dominant phase exhibiting a rough interface (Al 5 Fe 2 ) which grows quickly towards the Fe flake forming a saw-teeth morphology and a minor phase (Al 3 Fe) at the liquid interface (Figure 12(b) ).
It is important to note that the Mn flakes were manufactured by casting from a melt while the Fe flakes were compacted Fe powder, i.e., the Fe flakes were brittle and could possibly disintegrate and disperse inside the melt. The Fe curve shown in Figure 15 is similar to that of the 90 pct Mn compacts shown in Figure 1 . Both of these materials were added to the Al melt in the form of compacted powders.
I. Precipitations at the Bottom of the Crucible
In a previous work, [11] the precipitation of a new AlMnTi phase was observed in Al-Mn alloys in the presence of Ti. Therefore, the present study also investigated the precipitations in the Al-Ti (0.12 pct Ti) melt after the addition of Mn. The melt remaining in the crucible after the dissolution-rate test of Mn in Al-Ti (0.12 pct Ti) was studied after it solidified. During the sampling for the dissolution-rate measurements, the melt level decreased, leaving behind only one-third of the original amount of melt. This resulted in the enrichment of Mn and achieved saturation conditions, i.e., a concentration higher than the targeted one of 1.5 pct Mn. In the SEM image shown in Figure 16 , a high number of particles can be seen accumulated at the bottom of the crucible. These particles were identified by EDX as undissolved Mn (Figure 17 ). The complete EDX line scan shows two plateaus and a gradient characterizing the rest of the Mn particle. No clear distinction between the regions can be observed. Nevertheless, the concentration values indicate the presence of the same intermediate phases as were described in the other Mn dissolution tests, i.e., c2 adjacent to Mn followed by the Al 11 Mn 4 and l phases. In addition, numerous precipitates were observed in the Al matrix in the bottom region of the crucible which indicates that supersaturated conditions dominated the cooling process. EDX spectra show that these particles exhibit various compositions: Al 6 Mn, Al 6 (Mn,Fe), AlMnTi, and Al 3 Ti (Figure 18 ).
IV. DISCUSSION
A. Dissolution Rate
The results obtained from the investigation of the dissolution rates (Figure 1) show that the target concentration (1.5 pct Mn) is approached only at the end of the test with the 80 pct Mn with flux. The final shape of the graphs is the result of two processes: the removal of the melt and the increased concentration. The latter was caused by both the decreased amount of melt and the increased Mn content resulting from the dissolution. Only the dissolution curves of the 80 pct Mn compacts exhibited parabolic behavior towards the end of the dissolution tests which is a marker of reaching the saturation level of 2 pct.
In addition, Figure 1 clearly shows a significantly enhanced dissolution rate with the increasing Al content of the compacts. As has been discussed in Reference 1, the dissolution of the compacts occurs through several steps: when the compact reaches the melting point of aluminum (incubation time), the compacts disintegrate and disperse into the melt for further dissolution. Therefore, compacts with a higher Al content disintegrate more easily, which facilitates the dissolution process and enhances the dissolution rate.
A comparison of the dissolution rates of Mn compacts and Mn flakes reveals that the dissolution rate of the former is higher than that of the latter. It is obvious that the compacts disintegrate and undergo an exothermic reaction which strongly enhances the dissolution process that continuous surrounding the fragments. It can also be seen in Figure 16 that at the end of the dissolution process, the dissolving particles seem to be floating in the melt despite being heavier. This suggests that natural convection moves the dissolving particles around in the liquid, which further increases the dissolution rate.
The flakes maintain their shape and only react at their original surface, which will be significantly smaller than the total area of the particles in the compact. Moreover, the flakes will preferably move towards the bottom of the crucible. The dissolution-rate difference coupled with the area and particle size is further discussed in conjunction with the theoretical treatment of the dissolution rates below.
B. Theoretical Approach
The dissolution of alloying elements is mass-transfer controlled. Calculations of the Mn and Fe fluxes in the two systems studied in this work were carried out in Reference 1 where the authors assumed the presence of only one intermediate phase, and in the literature a number cases, from different alloy systems, have been discussed where only one intermediate phase appears. [14] [15] [16] [17] However, several phases have been observed in the present investigation, especially in the Al-Mn system where two phases, Al 11 Mn 4 and l, exhibited a similar thickness with a third phase, c2, being somewhat thinner. This significantly complicates the diffusion problem as it is not possible to identify a single dominating phase, making the assumption of the flux being determined by the transport in that phase invalid. Moreover, the diffusion coefficients in the different phases are unknown. However, it is possible to theoretically analyze the flux in the melt using the dissolution-rate data which determine the flux into the melt for the various cases. This is important as it was shown in both the present study and in Reference 1 (as well by industrial experience) that stirring and the subsequent melt transport influence the dissolution rate. The flux of Mn and Fe into the Al melt can be obtained by Ficks' law of diffusion over a boundary layer with a thickness of d in the liquid adjacent to the dissolving particles, as described by Eq. [1] :
where dm/dt is the flux passing through the surface area A, D is the diffusion coefficient, and dc/dy is the concentration gradient driving the flux, where dc is Dc = c eq Àc l , i.e., the saturation level minus the concentration in the liquid. If m is measured in weight and dc in wt pct, the equation can be rewritten as
where q is the density and d is the diffusion boundary layer thickness in the liquid. From Figure 15 , it is possible to attain the concentration of Mn and Fe in the liquid Al after 9 minutes, namely, 0.35 and 1 wt pct, respectively. The obtained flux is 3.2 9 10 À3 and 9.2 9 10 À3 g/s into a 500 g melt for Mn and Fe, respectively. The saturation level, c eq , of Mn and Fe in the aluminum can be taken from the phase diagrams to be 8 wt pct [6] and 5 wt pct, [5] respectively, at 750°C, and c l can be approximated as zero. The diffusion coefficients used for Mn and Fe in liquid Al (720°C) were 0.85 9 10 À9 and 1.95 9 10 À9 m 2 /s, respectively. [1] The density of aluminum was assumed to be 2600 kg/m 3 , and the contact area, A, of the alloying elements was taken as 10 cm 2 based on the size and number of the flakes added to the melt. The diffusion boundary layer thickness is directly related to the liquid flow, i.e., to the stirring. Assuming the presence of similar convection conditions, the thicknesses should be the same for both Mn and Fe. By Eq. [2] it is thus possible to calculate the ratio between the dissolution of Mn and Fe, and thus determine that the Fe flux is 1.4 times larger. The experimental results, however, show that the ratio is about 2.9. This difference could possibly be caused by different surface areas, since the Fe flakes seem to disintegrate into smaller particles, thus having a higher surface area for the reaction. During the dissolution process, Al was observed to penetrate the grain boundaries (Figure 12(a) ) possibly as the result of these flakes being made of compacted powder. The more rigid as-cast Mn flakes maintain their structure and only react at their surface. The same effect was observed when the dissolution of Mn compacts was compared to the dissolution of Mn flakes, as was discussed above and can be seen in Figure 1 .
From Eq. [2] , it is also possible to calculate the boundary layer thickness, d. The latter can be used to determine the rate constant, k, of the dissolution process:
A value of 1.5 9 10 À5 m/s is obtained for Mn, which can be compared to results presented in Reference 1 where rate constants were calculated for different stirring conditions. The obtained value fits well to the intermediate stirring conditions described in Reference 1.
The effect of stirring can be studied by comparing Figure 1 (3-second stirring) to Figure 2 (5-second stirring) where the dissolution rate of Mn has substantially increased in the latter if only the pure Al melt is considered. This shows the importance of stirring for the dissolution performance. It can be concluded that the stronger convection prevailed during the test with 5-second stirring, thus achieving an enhanced mass transfer between the Mn and the Al bulk and subsequently a higher dissolution rate. 
C. Dissolution Mechanisms and Intermediate Phases
The transformation of the alloying elements from their initial solid state at 750°C into a liquid solution occurs via the formation of several intermetallic phases that form between the alloying elements and the Al liquid under conditions described by the equilibrium phase diagrams. Thus, direct dissolution of the pure solid phase in liquid Al is replaced by the formation and dissolution of the intermediate phases.
The dissolution mechanism tests showed that the intermediate phases around the Mn compact particles were thicker (~50 lm, Figures 4(a) and 6(a) ) than the intermediate phases formed around the flakes (~20 lm, Figures 7(a) and 8(a) ). The higher dissolution rate of Mn compacts compared to the flakes has been discussed above based on the transport of Mn into the liquid, where possibly both the surface area and shape of the particles have a significant influence. It is likely that a faster transport of Mn from the surface drives the increased dissolution rate of Mn through the layers of the intermediate phases and thus causes the reactions to accelerate, subsequently forming thicker layers. A higher flow increases the Mn content in the melt in the vicinity of the particles and can locally cause supersaturation and thus a faster growth of the outer (l) phase into the liquid. This subsequently leads to the formation of thicker layers. An example can be seen in Figure 10(b) , where an oxide film prevents the mixing of the solute, allowing the l phase to reach a greater thickness in the left side of the figure.
The dissolution tests of Mn in Al melts suggest that the intermediate phases reach a certain thickness rather quickly, followed by a slow growth in the form of a package penetrating into the particle during dissolution ( Figure 10 ) without any clear increase in thickness (Figure 3 ). This probably means that the flux of Al atoms through the layer and towards the solid Mn is slower than the flux of Mn atoms towards the liquid, as the opposite would lead to the growth of the c2 phase into Mn. This causes the formation of voids in the b-Mn close to the c 2 interface, which can be seen in several figures, e.g., Figures 3 and 4 . This phenomenon is known as the Kirkendall effect. [17] [18] [19] Figure 3 clearly shows the increasing number and size of the voids during the diffusion process. These phenomena will decrease the area and bond between the inner intermediate phase c 2 and b-Mn and inhibit further growth and dissolution. [18] In every Mn dissolution experiment, three intermediate phases with smooth interfaces have formed between Mn and the liquid, namely, c2, Al 11 Mn 4 , and the l phase. The c2 phase was noticeably thinner compared to the Al 11 Mn 4 and l phases, with the thickness of the latter two being approximately equal (Figures 4, 7 , and 8). According to the Al-Mn phase diagram, Al 11 Mn 4 is stoichiometric and the l phase has a narrow solubility range. The concentration profiles obtained by EDX line scans also showed plateaus for these phases. The c2 phase and bMn phase are characterized by large solubility ranges. Both exhibited steep concentration gradients in the line scans (Figures 6(b) and 7(b) ). Figure 19 schematically illustrates the phases at the interface between Mn and liquid Al where the relative thicknesses are drawn based on the results in Figures 4,  7 , and 8. The levels in the line scans and the occurrence of plateaus and gradients clearly define the phases. Although the EDX data can be unreliable for defining the individual phases, the total picture from every scan in combination with the phase diagram strongly supports the phase identification.
During stationary diffusion, the flux is determined by the phase with the largest DDc which presents the smallest resistance to the diffusion. This phase generally becomes the thickest. In the investigated system, two phases are dominating, Al 11 Mn 4 and l, although they exhibit small solubility ranges, i.e., Dc values, while the c2 phase with a large Dc is relatively thin. The diffusion coefficients of the thicker phases can thus be concluded to be larger than that of the c2 phase, which will thus be the largest obstacle for diffusion flow.
Comparing the dissolution of pure Mn with that of the 60 pct Mn alloy, which is in c2 from the beginning, shown in Figures 7 and 9 , respectively, no pores form in the 60 pct Mn alloy. This suggests that Al diffusion to the interface of the c2 phase is fast enough to balance the outwards Mn diffusion to form a new phase instead of forming pores. This supports the conclusion above that the c2 phase was the main obstacle for Al diffusion, as in the 60 pct Mn alloy, Al does not need to diffuse through the c2 phase. The oxide layers formed at some spots during the dissolution of 60 pct Mn flakes prevented any reaction (Figure 10(b) ). Moreover, a thick intermediate phase formed where the liquid was trapped between the oxide and the dissolving Mn particle (left part of Figure 10(b) ). This illustrates the role of convection: the oxide hindering the mixing of the melt adjacent to the interface leads to the supersaturation of the liquid and the subsequent growth of the phase outwards.
During the dissolution of Fe in the pure Al melt, a single intermediate phase (Al 5 Fe 2 ) dominates the process, which grows within the Fe solid exhibiting a saw-teeth morphology (Figure 12 ). This indicates that the flux of the Al atoms towards Fe through the intermetallic phase is faster than the flux of Fe atoms towards the liquid. Therefore, no porosity is created, i.e., there is no Kirkendall effect present, and a relatively fast transformation of the original pure Fe into Al 5 Fe 2 takes place. The observations in this work regarding Fe dissolution are similar to what has been discussed thoroughly in the literature, [5, 7, 12, 13] and it should only be concluded here that the Al 5 Fe 2 phase must exhibit the largest DDc value in this system.
D. Transformations During Cooling
The EDX scans of the phases adjacent to the liquid Al, i.e., between the l phase and Al in Figures 4 and 6 , or the outer light green phases in Figure 3 exhibit significant fluctuations and decreased Al content. These regions are presumably formed during the cooling of the samples and are a mixture of Al 6 Mn and Al. In the Fe experiments, the corresponding phase is a mixture of FeAl 3 and Al. The decreased Al content observed in these regions is contradictory. However, a close dissemination shows that these phases are cracked and partially missing. Hence, their EDX signal is not reliable, as a significantly lower Al content was observed at each crack. A possible explanation is the emittance from Al being more sensitive to the surface flatness than the emittance from the heavier metals. Figure 2 shows that the dissolution rate of Mn is significantly decreased by the addition of a small amount of Ti. Moreover, the results of the Mn dissolution from flakes shown in Figures 7 and 8 indicate that the total thickness of the intermediate phases is also decreased by 50 pct by the addition of Ti. It can be concluded that Ti inhibits the dissolution kinetics. A possible explanation for the effect of Ti on the dissolution rate can be attributed to the very low diffusion coefficient of Ti in liquid Al. [1] At a steady state, Al has to be transported through the liquid boundary layer. If
E. Effect of the Addition of Alloying Elements on the Dissolution of Mn and Fe
Ti interacts with the aluminum flux, the total flux may be lowered in the same way as the lower convection can inhibit the dissolution rate by influencing the mass transport in the liquid. [3] It was also shown that the dissolution rate of Fe in pure Al was not influenced by the addition of 0.12 pct Ti to the melt (Figure 11 ) which is different from what was observed for Mn dissolution. However, the results show that the addition of Ti has affected the intermetallic compound formation, i.e., the Al 5 Fe 2 phase was replaced by Al 2 Fe, and Fe had transformed to FeAl phase after strong aluminum diffusion into the iron flake.
The dissolution rate of Fe in aluminum containing 0.8 pct Si is significantly decreased compared to the pure Al. By comparing Figures 12 and 14 , it can be concluded that the Fe flakes reacted in thin zones in the Al-Si (0.8 pct Si) alloy, while thick layers formed around the Fe flakes in the pure Al, an observation also reported in Reference 20. It can be concluded that the addition of Si greatly influenced the dissolution kinetics of Fe. This was also discussed in Reference 12, where the authors concluded that the growth rate of the Al 5 Fe 2 and Al 3 Fe phases is reduced in the presence of Si. In addition, the typical saw-teeth morphology of the Al 5 Fe 2 phase was not observed after Si addition. This was confirmed by the present study, as shown in Figure 14 , where the forming phase also contained approximately 2 pct Si. It is, in this case, difficult to precisely determine which structures are formed in the sample while it is maintained at 750°C and which form during the cooling process as the new phases seem to grow towards the liquid.
F. Particles at the Bottom of the Crucible
At the bottom of the crucible after the dissolution-rate test, partially undissolved particles and intermediate phase particles were found, suspended up to a certain height (Figure 16 ). An undissolved particle was analyzed with the results shown in Figure 17 , which showed similar phases as was observed in the dissolution of compacts in the melt of the same composition (Figure 6 ), although the intermediate phases were more cracked which reduced the quality of the EDX signal.
Particles not containing undissolved Mn exhibited a different composition ( Figure 18 ) and possibly formed during both the dissolution and the cooling process. The Al 6 (Mn,Fe) phase can be expected to precipitate during the cooling. However, additional phases of Al 3 Ti and AlMnTi were also observed. The formation of the latter was discussed in References 3 and 11 as it is detrimental for rolling operations if it forms in DC cast rolling ingots. It is interesting to note that both phases can form under the present conditions with only 0.12 pct Ti contained in the melt, but locally elevated concentrations of Mn can probably occur during the dissolution process which might influence the solubility limit of Ti. This possibly occurs in industrial holding furnaces during alloying as well.
V. CONCLUSIONS
The dissolution processes of Mn and Fe in molten Al alloys were studied through several series of dissolution experiments to investigate the intermetallic compound formation and involved dissolution kinetics.
From the dissolution of Mn in molten Al, it can be concluded that:
Three intermediate phases with smooth interfaces have formed between Mn and the liquid, namely, the c2, Al 11 Mn 4 , and l phases. The c 2 phase formed a noticeably thinner layer compared to the Al 11 Mn 4 and l phases. The latter two formed layers of approximately equal thicknesses.
It was proposed that the low diffusion coefficient of the c2 phase is the largest obstacle for the diffusion flow of the Al atoms towards the Mn particles, causing a Kirkendall effect with a porous structure at the periphery of the Mn particle.
The increasing Al contents in Al-Mn compacts corresponded to higher dissolution rates.
The effect of stirring on the dissolution performance was demonstrated by tests using different stirring times, where 5-second stirring resulted in a higher dissolution rate than 3-second stirring. A theoretical approach based on Ficks' law showed that the observed difference between the Mn and Fe dissolution rates can be explained by the different surface areas involved, as the Fe flakes seem to disintegrate into smaller particles, thus exposing a bigger surface for possible reactions. The same effect was observed when the dissolution of Mn compacts was compared with the dissolution of Mn flakes.
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